Abstract: Given the uneven distribution of sounding and automatic weather stations throughout the Fujian province of China, a method for the extension of meteorological elements from point data to a three dimensional field is proposed, which can be used for hail detection and other weather forecasts. Considering the temperature and air pressure as the classic meteorological elements, these are extended to two and three dimensions and the error is analyzed according to the spatial distribution law of temperature and air pressure in the horizontal and vertical directions. The conclusions are that (1) the extension method of the meteorological elements to two and three dimensions proposed in this paper is characterized by high precision and reliability and (2) the generated height map for the same temperature level and vertical cross section of temperature can be very helpful for hail and other weather forecasts.
INTRODUCTION
Since the distribution of sounding and automatic weather stations is uneven, the time and place of hail shooting is uncertain and so is the formation height of hail stones above the 0°C level height. Therefore, the extension of point data from meteorological elements to a three-dimensional meteorological element field can provide precious data for hail detection and forecast. Fujian is a large province of complex terrain and varied climate, with an uneven distribution of weather stations. The establishment of a three-dimensional meteorological element field allows the full use of the meteorological data available for the study area. Spatial interpolation methods for meteorological elements have been studied extensively and widely. Studies include the interpolation of temperature, precipitation volume, and sunshine duration using inverse distance weighting, interpolating polynomials, spline, and kriging methods, among others. In addition, the differences between these methods have also been compared [1] [2] [3] [4] [5] [6] [7] [8] [9] . To estimate a 30-year period of 10-day mean air temperatures and monthly photosynthetic active radiation (PAR) fluxes at specific sites in China, Lin et al. applied the ordinary kriging (OK) and squares (IDS) and the gradient plus inverse-distance-squared (GIDS) [2] . The annual average and accumulated temperature and rainfall data from 2114 meteorological stations located in China and surrounding countries obtained in were interpolated using inverse distance weighing (IDW), OK, and spline techniques with ArcMap by Ma et al. [6] . The three interpolation methods were evaluated by cross-validation and their results indicated that the precision of the interpolation varied significantly with the number of meteorological stations selected. Many researchers studied the two-dimensional extension of the distribution of meteorological elements, but did not consider a three-dimensional extension, in agreement with the three-dimensional spatial distribution of their characteristics. A meteorological element field in three dimensions can then more accurately describe the meteorological environment characteristics during hail or rainfall.
Assuming the Fujian province as a study area and considering the distribution characteristics of the meteorological elements in the horizontal and vertical directions, we proposed a method of establishing a meteorological element field in three dimensions and applied it using real sounding and automatic weather station data.
METEOROLOGICAL DATA
The selected meteorological data includes the meteorological element data generated every 10 minutes by automatic weather stations and the sounding data recorded daily at 8 a.m. and 8 p.m. The data from automatic weather stations can describe the surface meteorology while the sounding data can describe the meteorology at different heights. Given the limited number of sounding stations in China, to obtain the three-dimensional meteorological field for a large area, we selected six sounding stations (IDs 57933, 58633, 58725, 58847, 59134, and 59316) located in or near the Fu-jian province that could cover the entire province, as shown in Fig. (1) .
Meteorological Element Data from Automatic Weather Stations
The data recorded at regular intervals by automatic weather stations includes the observation time (China Standard Time-CST), 2-and 10-minute average wind direction, 2-and 10-minute average wind speed, direction, occurrence time, and speed of the maximum wind, current wind speed and direction, current, minimum, and maximum temperature and their occurrence times, relative and minimum relative humidity and its occurrence time, vapor pressure, dew-point temperature, current, minimum, and maximum air pressure and their occurrence times, current, minimum, and maximum grass temperature and their occurrence times, current, minimum, and maximum surface temperature and their occurrence times, ground temperature below 5, 10, 15, 20, 40, 80, 160, and 320 cm, evaporation capacity, sea-level pressure, and current and minimum visibility and its occurrence time. The wind speed and direction, temperature, dew-point temperature, and air pressure are particularly useful for the understanding of the meteorological environment at a specific time.
Sounding Data from Sounding Stations
The sounding data includes aerial mapping and temperature log pressure (TlogP). The aerial mapping describes the meteorological element information for different surfaces of equal pressure (1000, 925, 850, 700, 500, 400, 300, 250, 200, 150, and 100 hPa). The meteorological element information include the height above sea level, daily temperature, dew-point deficit, and wind speed and direction at 8 a.m. and 8 p.m. (CST). The TlogP sounding data includes the air pressure, height above sea level, temperature, dew-point temperature, and wind speed and direction, which is mainly used for generating the TlogP diagram in the MICAPS (Meteorological Information Comprehensive Analysis and Process System) software. The MICAPS software, developed by the China Meteorological Administration, is the main forecast operation system for processing satellite and radar weather data and numerical forecast products, being widely used in regional and provincial meteorological bureaus in China. Three versions have been developed, with the newest version MICAPS 4.0 officially launched in 2013.
GENERATION METHODS
As meteorological elements like temperature, moisture, and air pressure are usually presented as single-point data provided by automatic weather stations and their distribution is continuous, we could generate two-dimensional meteorological element fields using an efficient interpolation algorithm. In addition, given the clear changes in height for the air pressure and temperature and the possibility of acquiring meteorological values at different heights by the sounding stations, we could generate three-dimensional meteorological element fields combining multi-point sounding data and the two-dimensional meteorological element field.
The principle of spatial interpolation is to extend the value of the variables to the non-sampled grid points. Frequently used and widely known interpolation methods include the IDW, spline, kriging, and arithmetic mean. As these methods are mature algorithms in spatial interpolation, no more introduction and comments are made herein. Figs. (2) and (3) show the surface air pressure and the temperature distribution, respectively, for the Fujian province at 8 a.m. in May 30, 2005, generated by ordinary kriging interpolation in ArcGIS Desktop software.
Three-Dimensional Interpolation
The surface distribution maps of temperature and surface air pressure only reflect the distribution of the meteorological elements on the surface. Since real meteorological elements are distributed in three dimensions, the improvement of hail detection and other forecasts requires the establishment of three-dimensional meteorological element fields combining surface meteorological element and sounding data. For example, for the application of the WSR-88D Hail Detection Algorithm (HDA) it is vital to calculate the 0 and the -20°C level height. Using traditional two-dimensional interpolation methods, we cannot acquire the threedimensional distribution features of the meteorological elements. As presented in the following sections, these are extended three-dimensionally according to the spatial distribution law of temperature and air pressure in the vertical direction.
In the troposphere, temperature decreases with height at a rate of about 6°C/1000 m. This rate varies with the season but can be calculated using the temperature change at different heights from the sounding data. According to the position of the sounding stations in or around the Fujian province, we divided the region into six parts using the Thiessen polygon method (Fig. 1) . Then, the temperature data from the different sounding stations was fitted by cubic curves and lines, according to the parameters shown in Tables 1 and 2 . From  Fig. (4) , we can see that the temperature lapse rate above the Fujian province is roughly compatible with the rule, and that the fitted cubic curves are projected along the fitted lines. From Table 2 we can conclude a temperature decrease with height at a rate of about 6.4°C/1000 m for that specific location and day.
According to the above temperature lapse rate at different locations, we extended the surface temperature distribution map to three dimensions. By adopting the fitted cubic curves, the three-dimensional temperature distribution map built with the OpenGL graphics program interface is shown in Fig. (5) . The temperature sections can be acquired by moving the sliders in different heights and directions, and can be saved in a figure (.bmp) or text (.txt) format, to be used in the analysis of the temperature distribution characteristics at the height of hail formation.
The above method was used to extend the temperature field to three dimensions. To extend the air pressure threedimensionally, we fitted the air pressure data from the different sounding stations to cubic curves and lines. From Fig. (6) , we see that the air pressure lapse rate above the Fujian province was perfectly compatible with the cubic curve, whose parameters are shown in Table 3 . Similarly, by adopting the fitted cubic curves, the three-dimensional air pressure distribution map was generated with the OpenGL graphics program interface (Fig. 7) .
The air pressure sections can be acquired by moving the sliders in different heights and directions, and can be saved in a figure (.bmp) or text (.txt) format, to be used in the analysis of the air pressure distribution characteristics at the height of hail formation.
To verify the fitted pressure-altitude curve, we calculated the fitted heights using the following pressure-altitude equation:
where p1 and p2 are the air pressure at two points, z1 is the known height, and z2 the unknown height. 
where q expresses the specific humidity, calculated by the following equation:
where e expresses the vapor pressure, calculated by the following equation: 
Based on the above formulas, the calculations were performed using MATLAB software. Considering the sounding data from station 57993 as an example, there were 18 valid layers at 8 a.m. May 11, 2011 CST. The space between two neighboring valid layers was divided into 500 sections of equal distance, and the temperature and dew-point temperature were fixed between the sub-layers (i.e., isothermal atmosphere between the sub-layers). The barometric height for the isothermal atmosphere was given by the Laplace barometric height equation: 
According to the above method and formulas, we calculated the fitted and calculated height for different air pressures from the six sounding stations at 8 a.m. May 11 2011 CST, together with their associated error. The results are shown in Tables 4-9 . If the cell value in these tables is "9999", the current observed value is missing.
Error Analysis
The errors of the fitted and calculated heights for the different sounding stations are shown in Tables 4-9 . Their average errors were also calculated (Table 10) . From Table 10 , we conclude that (1) the error of the fitted height decreased at high altitude and increased at low altitude and (2) the error of the calculated height was always very low, and the calculated heights always fitted the observed values very well.
Application of the Generation Methods
The three-dimensional meteorological element maps generated by the above methods present the distribution characteristics of the meteorological elements at different heights. The two-and three-dimensional height maps for the 0 and -20°C level at 8 a.m. May 11, 2011 CST generated by us are shown in Figs. (8) and (9) . As the height of hailstone formation and development, is above the 0°C level height, these maps are very helpful for hail warning and forecasting. The extracted section of the temperature field shown in Fig. (10) plays a particularly important role in analyzing the atmosphere and accurately forecasting the weather.
CONCLUSION
The methods to interpolate the meteorological elements to two and three dimensions using sounding data from sounding stations and meteorological element data from automatic weather stations are discussed in this paper. The format and content of sounding and meteorological element data were introduced first, and then, using temperature and air pressure as examples, we extended the data to two and three dimensions and analyzed the error. The meteorological element distribution maps in two and three dimensions show high precision and reliability, playing an important role in hail warning and forecasting, by analyzing the atmosphere and accurately forecasting the weather. The addition of more types of meteorological data (like from national weather stations) in the future and the increase in the time resolution will further improve the quality of three-dimensional meteorological element fields. 
